The diterpene diester phorbol 12-myristate 13-acetate and the alkaloid teleocidin B are structurally unrelated natural products that display similar potent irritant and tumor-promoting activities. Computer modeling of these and other structural classes of tumor promoters show a marked similarity in the relative positions of certain heteroatoms and hydrophobic groups. For phorbol this mapping consists of the C-4, C-9, and C-20 hydroxyl groups as well as a hydrophobic region frled by a long-chain acyl functionality attached to either the C-12 or the C-13 positions. Diacylglycerols, thought to be the endogenous activators of the major phorbol ester receptor protein kinase C likewise fit this model in a stereospecific fashion. As an initial test of the utility of the model, members of a new and simplified class of activators were synthesized that possess the predicted essential structural features. These compounds all inhibited specific phorbol ester binding to protein kinase C, albeit with low affinity (10-60 ,.M); further analysis of one derivative, decylhydroxylindole, confirmed that the inhibition of phorbol ester binding was competitive. This same derivative inhibited epidermal growth factor binding in intact Swiss 3T3 cells and studies with another derivative showed phosphorylation of a 40-kDa protein in platelets. Both of these in vivo responses are characteristic of phorbol esters.
found to induce the same spectrum of biological responses as do the phorbol esters and inhibit specific phorbol ester binding (10) . The precise structural requirements for the biological activities exhibited by these compounds have not been established. However, since the above classes of seemingly unrelated structures interact at the same modulatory site on protein kinase C, they would be expected to possess a common pharmacophore, i.e., a similar three-dimensional array of homologous functional groups in their bound or active conformations. Efforts to identify this pharmacophore through systematic modification of PMA have been synthetically limited due to the complexity and instability of these compounds. However, it has been suggested that the plant-derived phorbol esters function as analogs of cortisol (11) , fatty acids (12) , and prostaglandins (13) . More recent models are based on a comparison of certain functional groups of phorbol esters with those of teleocidin (14, 15) or DAG (4) . We describe here our present analysis of the phorbol ester pharmacophore, its relationship to exogenous and endogenous activators of protein kinase C, and the synthesis and biological evaluation of members ofthe first class of active compounds that are neither natural products nor their structural variants but formulated rather through rational design.
The phorbol esters are the best studied and among the most potent tumor promoters for two-stage mouse skin carcinogenesis (1) . In addition, they have profound effects on a wide variety of biological systems; of particular potential medical importance is the induction of terminal differentiation in leukemic cells (2) .
The major phorbol ester receptor (3) has been identified as protein kinase C (4), an enzyme of great interest because it mediates one of the two arms of the message transduction pathway for a large class of hormones and other cellular effectors that activate phosphatidylinositol 4,5-bis(phosphate) turnover. 1,2-Diacylglycerol (DAG), generated from phosphatidylinositol 4,5-bis(phosphate) by hormonally induced enzymatic hydrolysis, is the postulated endogenous analog of the phorbol esters (4-7). Compared to the phorbol esters, however, DAG is substantially less potent (7, 8) . As would be expected, the interaction of DAG with protein kinase C is stereospecific, with only the natural stereoisomer sn-1,2-DAG being active (9) .
In addition to the typically studied phorbol esters, many modified tigliane, daphnane, and ingenane diterpene esters share with phorbol 12-myristate 13-acetate (PMA) high potencies as irritants and tumor promoters (1) . The alkaloid teleocidin and the polyacetate aplysiatoxin have also been MATERIALS AND METHODS [20-3H] Phorbol 12,13-dibutyrate ([3H]PBt2) binding was assayed by the polyethylene glycol precipitation method (8) using protein kinase C from mouse brain cytosol purified through the DEAE-cellulose chromatography step and buffer exchange as described (16) . To assure adequate mixing, compounds were added in organic solvents to the phosphatidylserine before preparation of liposomes. Swiss 3T3 cells were grown at 370C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM L-glutamine and 10% (vol/vol) calf serum in a 5% C02/95% air atmosphere and plated at 8 x 104 cells per 35-mm dish. Epidermal growth factor (EGF) binding was measured 3 days later as described by Collins and Rozengurt (17) except that a higher specific activity of EGF (0.9-1.0 Ci/,umol; 1 Ci = 37GBq) was used.
Binding data were expressed relative to protein, which was determined by the method of Bradford (39 
RESULTS
Comparison of Phorbol, Ingenol, Teleocidin, and Gnidimacrin. Structure-activity studies of phorbol derivatives (1) indicate that a long-chain acid esterified to either the C-12 or the C-13 hydroxyl group, the hydroxyl group at C-20, and the 3-keto and/or 4-hydroxyl functionalities are necessary for activity. The importance of the C-9 hydroxyl group has not been tested although all known promoters of the tigliane family possess this functionality. Ingenol 3-monoesters (25) exhibit activity comparable to the phorbol esters even though they lack C-12 and C-13 hydroxyl groups and have a ketone functionality at C-9 instead of a hydroxyl group, while the biologically highly active resiniferonol-derivative gnidimacrin (26) has an orthoester oxygen at the C-9 position. Finally, the alkaloid promoter teleocidin has a structure radically different from the diterpenes. An explanation for the similar activities of these four structurally different classes of compounds can be derived from a comparison of the three-dimensional array of their heteroatoms and other groups that would influence binding. The relative heteroatom coordinates used in our comparisons were taken from the available x-ray crystal structures for these classes of molecules (26) (27) (28) (29) (30) . Except for the C-20 oxygens, the heteroatoms ofthe diterpene derivatives are directly attached to relatively rigid rings. Consequently, their relative spatial coordinates should be comparable, ifnot identical, in both the enzyme bound and crystal structure conformations. In contrast, the relative spatial coordinates for the C-20 oxygens could vary since 3-(p-bromo)benzoate (NPDP), and phorbol 20-bromofuroate (PBF) even though the rings of each compound exist in similar conformations. Our calculations using MMP2t indicate that torsion about the bond between C-6 and C-20 produces three conformational minima, comparable to the rotamers found in these crystal structures and differing by at most 1.1 kcal/mol. For completeness, all three minima were considered in our comparisons.
Comparison of the heteroatom coordinates as derived above for phorbol, ingenol, gnidimacrin, and teleocidin derivatives produced several reasonable correlations with the best of these involving a matching of the C-4, C-9, and C-20 oxygen atoms of the diterpenes with the N-13, N-1, and 0-24 atoms of teleocidin, respectively. As a point of reference, the variation in the position of these atoms in the three phorbol structures was calculated using CHEMLAB-IIt to have an average rms deviation of only 0.14 A and 0.19 A for the sets of rotamers between C-6 and C-20 corresponding to PBF and to phorbol (Table 1 , entries a-c andj-1). Comparison of the C-4, C-9, and C-20 oxygens of PBF or phorbol with the corresponding heteroatoms ofIAc3, GPIB, and DTBA (Table  1, Further analysis of this model suggested that the C-12 or C-13 hydroxyl group in phorbol derivatives serves to anchor a fatty acid ester in a spatial region where it presumably affects partitioning of the molecule into the membrane and binding orientation. Ingenol derivatives lack these C-ring groups. However, when the correlated oxygens of phorbol and ingenol are overlaid, the C-ring ester of active phorbol derivatives and the A-ring ester of active ingenol derivatives can both occupy a region between the A and C rings (Fig. 1) . In gnidimacrin, this region is also occupied by a hydrocarbon group that is now covalently attached to both A and C rings. Similarly, when the correlated heteroatoms of the alkaloid teleocidin and the diterpenes are overlaid, the tetraalkylbenzocyclohexene (hydrocarbon) residue of teleocidin is again located between the A and C rings of the diterpene.
The pharmacophore model described above is in accord with structure-activity relationships established for tumor promoters and is similar, in part, to the one proposed by Weinstein et al. (14) (Fig. 1) of teleocidin or the analogs. :rms deviations of the C-4, C-9, and C-20 oxygens of the x-ray structures of PBF (entries a-i) or phorbol (entries j-r) and the corresponding heteroatoms (Fig. 1) of the other structures. the C-4, C-9, and C-20 oxygens of phorbol and the N-13, N-1, and 0-24 atoms of teleocidin, respectively. However, these authors also match the C-3 carbonyl of phorbol with the amide carbonyl of teleocidin and use a stereoisomer of teleocidin different from the (5,5) isomer used in our analysis. Subsequent studies have indicated that the (S,S) isomer of teleocidin is the only one with substantial biological activity (15) . Matching of the (S,S) isomer of teleocidin with the C-4, C-9, C-20, and C-3 oxygens of phorbol is possible only for a higher energy conformation of the former.
DAG-Phorbol Comparison. Nishizuka (4) has suggested a structural analogy between the C-12 and the C-13 diester unit of phorbol and DAG. Based on activity studies, we have modified this model to include the C-9 oxygen with the C-12 and the C-13 oxygens that when correlated with the oxygens of DAG ( Fig. 2A) gave an rms deviation of 0.21 A for a conformation of DAG calculated using MM2 (molecular mechanics, program 2) to be 5.58 kcal/mol above the global energy minimum of 11.53 kcal/mol. However, a significantly better match was found when the heteroatoms of DAG were compared instead with the C-4, C-9, and C-20 hydroxyls (Fig.  2B) biologically active (S)-DAG (9) has its alkyl groups oriented more favorably than the inactive (R)-DAG to occupy the hydrophobic site of the pharmacophore model. Moreover, the directionality of the lone pair orbitals on oxygen in the active (S)-DAG in this overlap more closely matches that found for the C-4 and C-9 oxygens in phorbol. Other correlations (e.g., C-3, C-9, and C-20 oxygens of PBF with DAG) required relatively high energy DAG conformations (about 16 kcal/mol above the global energy minimum) and even then gave a relatively poor fit of correlated atoms.
Pharmacophore-Based Analogs. The above comparison of five different families of active compounds suggested two pharmacophore models. In both, two heteroatoms are separated by a distance of 4.4 ± 0.3 A while the interatomic distances to a third heteroatom, coincidentally a hydroxymethyl group in all cases, can vary due to torsion about the adjacent bond. As an initial test of these models, we designed and synthesized a number of simplified phorbol-teleocidin analogs that contain the predicted pharmacophore features: two fixed heteroatoms connected by a rigid structure to a conformationally mobile hydroxyl group and appropriately oriented hydrocarbon chain. These compounds were pairs of aniline (ADMB, 7) and indole (DMHI, 14) derivatives (Fig.  1) . MNDO-optimized geometries for analogs gave a quantitatively good fit to the proposed pharmacophore ( Table 1) (Fig. 3) . This finding is consistent with a competitive mechanism of action. The Ki for DHI determined by Scatchard analysis was 17.4 ± 1.1 AtM (mean ± range, n = 2), in good agreement with the value determined by direct competition.
Inhibition of 1251-labeled EGF binding is one of the wellcharacterized biological responses of intact cells to the phorbol esters (31) . Addition of DHI to the medium of Swiss 3T3 mouse fibroblasts led to marked inhibition of 1251-labeled EGF binding with a half-maximally inhibitory concentration of approximately 100 ,uM (Fig. 4) . The reduced potency ofthe DHI in the intact cells may correspond to the lower affinity 
DISCUSSION
A major impediment to the development of agonists and antagonists for protein kinase C has been the difficulty in synthesizing phorbol derivatives. The described pharmacophore model suggests the suitability of simplified ring systems as analogs. Indeed, in our initial test of model, both classes of derivatives that we synthesized bound to protein kinase C in vitro and induced responses characteristic of the phorbol esters in intact cells. Baenziger and Majerus (33) and prelabeled with 32P as described by Lyons et al. (34) . Platelets were stimulated with 0 ,uM (lanes a), 90 AuM (lanes b), or 300 AM (lanes c) ADMB at 370C for 1, 2, and 5 min.
Samples were solubilized in NaDodSO4-containing electrophoresis sample buffer and analyzed by NaDodSO4/PAGE in 12% acrylamide slab gels followed by autoradiography. Similar results were obtained in nine other experiments. (8, 35) . The difference in the activity of the phorbol esters relative to the indole and aniline derivatives would be correspondingly greater but would again depend markedly on the specific phorbol ester used for comparison. For PBt2, the in vitro binding affinity is 0.8 nM under our assay conditions (32) and its ED50 for inhibition of EGF binding in NIH 3T3 cells is 6.5 nM (35) . In both systems PBt2 is thus 15,000-fold more potent than DHI.
Although our present model postulates a preferred hydrophobic region, it has not as yet been optimized for lipophilicity. This requirement is very important, as evidenced by the inactivity of unesterified phorbol (1) . Likewise, binding studies with phorbol esters show that partitioning into the lipid bilayer is only one aspect of this lipophilic requirement; derivatives of greater than optimal lipophilicity also show reduced activity, even when activity is expressed in terms of membrane concentration (8) . Similarly, dependence of activity on side chain structure differs substantially between the phorbol esters and the DAGs (8, 35) . One important factor may be the distance and orientation of the ring system relative to the bilayer. The present pharmacophore model provides a comprehensive correlation ofpharmacophoric features offive families of biologically active compounds. A crucial role is assigned to the C-4, C-9, and C-20 oxygens and the hydrophilic group of phorbol diesters and the corresponding functionalities of other structural classes. The indirect effects of additional structural features on biological activity have not been explicitly evaluated, but these factors have been considered in the development of the current model. For example, the C-3 oxygen of PMA exerts an inductive and steric influence on the adjacent C-4 hydroxyl group, thereby accounting for the reduced activity of phorbol derivatives modified at C-3 (1). Similarly, limited studies suggest that 4-deoxyphorbol diesters retain activity as irritants (1) . In such cases, the oxygen of the C-3 ketone or the even more proximate oxygen of a C-3 ketone hydrate could serve as a reasonable surrogate for the C-4 oxygen. While currently available derivatives do not provide a critical test of such indirect effects, computer modeling and synthetic studies are directed at these issues and the precise biological role of the pharmacophoric groups.
Note. After this manuscript was submitted, Jeffrey and Liskamp (38) reported modeling studies on phorbol esters, teleocidin B, and aplysiatoxin.
